The presence of scattered tumor cells at the invading front of several carcinomas has clinical significance. These cells differ in their protein expression from cells in central tumor regions as recently shown for the EGF-TM7 receptor CD97. To understand the impact of such heterogeneity on tumor invasion, we investigated tumor cells with modified CD97 expression in vitro and in vivo. Applying an individual cellbased computer model approach, we linked specific cell properties of these cells to tumor invasion characteristics. CD97 overexpression promoted tumor growth in scid mice, stimulated single cell motility, increased proteolytic activity of matrix metalloproteinases, and secretion of chemokines in vitro in an isoform-specific manner. We demonstrated by computer simulation studies that these effects of CD97 can increase the invasion capacity of tumors. Furthermore, they can cause the appearance of scattered tumor cells at the invasion front. We identified local tumor environment interactions as triggers of these multiple capabilities. Experimentally, our simulation results are supported by the finding that CD97 expression in tumor cells is regulated by their environment. The progression of carcinomas is associated with a loss of epithelial differentiation and gain of mesenchyme-like capabilities of scattered tumor cells at the invasive front. This transition is associated with alterations of the expression of molecules involved in cell-cell and/or cell-extracellular matrix interactions, such as motility-promoting molecules.
The progression of carcinomas is associated with a loss of epithelial differentiation and gain of mesenchyme-like capabilities of scattered tumor cells at the invasive front. This transition is associated with alterations of the expression of molecules involved in cell-cell and/or cell-extracellular matrix interactions, such as motility-promoting molecules. [1] [2] [3] Furthermore, the secretion of cytokines and extracellular matrix-degrading proteinases are altered. 4, 5 For colorectal carcinomas it has been shown that in metastases such alterations are reversed and the molecules show a similar expression pattern or level compared with the central region of the primary tumor. 6, 7 Consequently, Brabletz and co-workers 6, 7 suggested an active role of the tumor environment in malignant tumor progression. A tumor microenvironment invasion model was suggested by Condeelis and co-workers. 8 It is a challenge to understand how the complex tumor invasion behavior emerges from collective interactions on the molecular and cellular level. Although the effects of molecular changes on the individual cell behavior can be quantified directly in experiments, dynamic links between the changes at the cellular level and the characteristics of the tumor invasion process are hard to assess. Here, we exclusively focus on that problem. A major insight into the link between individual cell behavior and tissue dynamics can be gained by computer modeling approaches. They permit investigation of the potential role of generic organization principles in specific tissues. We chose individual cell-based models (IBMs 9, 10 ) to approach the challenge.
Considering the growth of tumor cell populations, a number of IBMs of the growth of tumor spheroids have been established. 11, 12 Tumor invasion into stroma has been approached by cellular automatons 13 and lattice variants of IBMs. 14 Here, we introduce a novel class of lattice-free IBMs of the growth and collective invasion of carcinoma into stroma after breakdown of the basal membrane. On one hand, the approach enables us to analyze the impact of different cellular alterations on growth and invasion dynamics. On the other hand, we can study several assumptions about the origin of these alterations. We apply this approach to understand observations related to CD97 expression.
CD97 is a member of the EGF-7TM subfamily of class B G-protein-coupled receptors. 15, 16 It consists of a variable number of N-terminally located EGF domains, a long extracellular stalk, the 7-transmembrane (7TM) domain, and a short intracellular C-terminal region. Alternative splicing results in three isoforms containing three (EGF 1,2,5), four (EGF 1,2,3,5), or five EGF domains (EGF 1-5). Several lines of evidence suggest a role of CD97 in tumor migration and invasiveness. CD97 shows stronger expression at scattered tumor cells of the invasion front of nearly half of colorectal carcinomas than in solid formations of the same tumor. 17 Normal colorectal epithelium is CD97-negative or only slightly positive. Furthermore, CD97 expression levels correlate with the in vitro migration and invasion capacity (chemotaxis) of colorectal tumor cell lines and model tumor clones. 17 In thyroid carcinomas, CD97 is related to dedifferentiation and tumor stage. 18 Motivated by these results and further directed by the presented studies on isoform-specific tumor growth in vivo, we used CD97-transfected cells to investigate the effect of CD97 (EGF 1,2,5), C-terminal-truncated CD97 (EGF 1,2,5/TM1) and CD97 (EGF 1-5) ( Figure 1A ) on in vitro random cell motility, proteolytic activity, and chemokine secretion. We relate the results in the framework of our IBM, directly demonstrating the relevance of the observed effects in tumor invasion and the impact of the tumor environment in the process. We discuss our results with an emphasis on colorectal carcinomas.
Materials and Methods

CD97-Expressing Cells
Tet-off HT1080 clones stably expressing CD97 (EGF 1,2,5), CD97 (EGF 1-5), or C-terminal-truncated CD97 (EGF 1,2,5/TM1) were generated as described. 17 Control cells contain only the empty plasmid or CD97 (EGF 1,2,5) mock. To induce the expression of the respective molecules, cells were cultured without doxycycline ( Figure  1B ). All clones additionally express enhanced green fluorescence protein (EGFP). Clones derived from wild-type Widr colorectal carcinoma cells were generated by stable transfection with the empty pEGFP-N1 vector (BD Biosciences, Heidelberg, Germany) or the plasmid encoding CD97 (EGF 1,2,5). Two clones for each transfected cDNA and cell type were selected out of 10 to 40 examining CD97 and EGFP expression by flow cytometry. Results of one clone are shown. Those of the other one were identical. The human tumor cell lines HT1080, Widr, DLD-1, Caco-2, and SW480 were obtained from the American Type Culture Collection (Rockville, MD).
Cell Cultures
For two-dimensional tumor colony monitoring, 1 ϫ 10 3 cells were seeded in a six-well plate. For three-dimensional tumor colony monitoring, 1 ϫ 10 3 cells were seeded into 0.25% agar/medium/20% fetal calf serum in a 24-well plate. Formed colonies were analyzed every 24 hours throughout at least 14 days using digital light microscopy. In two-dimensional colonies cell doubling times were observed by analyzing the initial exponential growth phase. In selected colonies, proliferation was determined after 14 days using the BrdU Labeling and Detection Kit II (Roche Diagnostics GmbH, Mannheim, Germany). The effect of cell density on CD97 expression in two-dimensional cultures was determined by fluores- 2006, Vol. 169, No. 5 cence-activated cell sorting analysis in nonconfluent single cell and 90% confluent cultures after 48 hours.
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Characterization of the Single Cell Motility
Cells (5 ϫ 10 2 cells/cm 2 ) were seeded in 96-well plates. In nine independent series, the position of 30 cells was detected at several times (t) using digital light microscopy starting 4 hours after plating. Within the time between the measurements (dt), a migrating cell changes its position and thus changes its distance to all cells of the selected group. We calculated the change of the distances ⌬d ij ϭ d ij (t) Ϫ d ij (t ϩ dt) between all pairs i,j of cells in a group. For cells undergoing an independent Brownian random walk, it turns out that Ͻ(⌬d ij ) 2 Ͼ, the average of (⌬d ij ) 2 , grows linearly with time. We confirmed that time dependence and derived a migration coefficient D by calculating D ϭ Ͻ(⌬d ij ) 2 Ͼ/8dt for dt ϭ 12 hours.
Interleukin (IL)-8 Enzyme-Linked Immunosorbent Assay and Sodium Dodecyl Sulfate-Substrate Gel Electrophoresis (Zymography)
Supernatants of 1 ϫ 10 5 cells cultured in 500 l of OPTI-MEM (Invitrogen, Karlsruhe, Germany) without and with tumor necrosis factor (TNF)-␣ (5 ng/ml; ImmunoTools, Friesoythe, Germany) were assayed for IL-8 (ELISA; Bender MedSystems, Vienna, Austria). Gelatin zymography of the supernatants was performed as described. 19 Specific MMP activity was checked by adding 10 mmol/L ethylenediaminetetraacetic acid to the developing buffer.
Scid Mice
HT1080 tumor cells (1.5 ϫ 10 6 ) in 150 l of phosphatebuffered saline were injected subcutaneously between the scapulae of the BALB/c severe combined immunodeficient scid/scid (scid) mice, 5 to 6 weeks old. Each HT1080 clone was injected into two groups of eight animals (Table 1) . To maintain down-regulation of CD97 in one of these groups, doxycycline (0.01 mg/g body weight) was injected subcutaneously every third day. The mice were controlled every second day for tumor growth and state of health and were sacrificed when the tumor had reached maximal growth (ϳ10% of the actual body weight of the animal or more then 2 cm 3 ), started to ulcerate, or 100 days after tumor cell injection. Tumors were cryopreserved in liquid nitrogen. Expression of CD97 in the tumors was verified by immunohistology.
Immunohistology and Flow Cytometry
The CD97 monoclonal antibody (mAb) CLB-CD97/3 detects an epitope within the stalk region (CD97 stalk ). 15 For immunohistology, serial sections were cut to 6 m and fixed in ice-cold methanol for 10 minutes. The sections were incubated with the primary antibody (Ab) (4°C, overnight). Bound Abs were detected with a supersensitive detection system (Vector Laboratories, Burlingame, CA). Microvessel density was analyzed by anti-CD31 (Santa Cruz Biotechnology, Heidelberg, Germany) staining as described. 20 In flow cytometry, cells were phenotyped with the desired Ab by indirect immunofluorescence using F(abЈ) 2 goat anti-mouse immunoglobulin-phycoerythrin or streptavidin-phycoerythrin (DAKO, Hamburg, Germany) in the case of a biotinylated Ab. The antigen levels were determined as mean fluorescence intensity of stained cells in comparison to cells stained with an isotypematched but irrelevant mAb.
Results
CD97 Clones
Tet-off HT1080 cells stably containing the empty plasmid or CD97 (EGF 1,2,5) mock showed basal CD97 expression in flow cytometry ( Figure 1 ). The established clones CD97 (EGF 1,2,5), CD97 (EGF 1-5), or C-terminal truncated CD97 (EGF 1,2,5/TM1) showed a 6-to 10-fold overexpression of the respective CD97 forms compared with CD97 (EGF 1,2,5) mock clones. CD97 overexpression in CD97 (EGF 1,2,5), CD97 (EGF 1-5), or C-terminal truncated CD97 (EGF 1,2,5/TM1) clones was significantly reduced by doxycycline ( Figure 1B ).
CD97 (EGF 1,2,5) Alters Tumor Growth in Scid Mice
The induced tumors were found to grow confined within the subcutis. CD97 expression in tumors was confirmed by immunohistology. CD97 (EGF 1,2,5), (EGF 1-5), and (EGF 1,2,5/TM1) tumors were CD97 stalk -positive. Tumors of mice treated with doxycycline and all tumors derived from empty cells were CD97 stalk -negative or only slightly positive because of the basal CD97 expression in wildtype tet-off HT1080 cells (not shown).
Assuming a linear growth of the radius R of tumor spheroids, 12 we analyzed the macroscopic tumor growth quantitatively, calculating the extrapolated start time (t 0 ) and the growth velocity (v) (Figure 2A ). We found that CD97 (EGF 1,2,5) overexpression propagated tumor growth compared with controls, whereas CD97 (EGF, 
All animals underwent a subcutaneous injection with different tet-off HT1080 stably transfected clones. Every second animal group received doxycycline every third day to maintain down-regulation of CD97.
1,2,5/TM1) reduces it ( Figure 2 , B and C). Decrease of CD97 expression by doxycycline reduces the observed effects depending on the CD97 iso-or truncated forms. Because tumor vascularization can promote growth and invasion, we analyzed vascularization by CD31 staining. We found an increased microvessel density in tumors induced with HT1080 CD97 (EGF 1-5) cells, whereas the density was equal between CD97 (EGF 1,2,5), CD97 (EGF 1,2,5/TM1), and the control cells ( Figure 2D ). Thus, the observed tumor growth was not determined by vascularization.
Multiple Effects of CD97 on Tumor Cell Properties
Although we found no significant differences in the doubling times of HT1080 clones in vitro [empty: 23 Ϯ 3 hours; CD97 (EGF 1,2,5) mock: 24 Ϯ 4 hours; CD97 (EGF 1,2,5): 23 Ϯ 3 hours; CD97 (EGF 1,2,5/TM1): 21 Ϯ 3 hours; CD97 (EGF 1-5): 23 Ϯ 4 hours; mean Ϯ SD, n ϭ 7, cultivation without doxycycline], we observed moleculespecific changes of cell properties regarding single cell motility, proteolytic activity, and chemokine secretion. The effects presented in the following were confirmed by measurements of cells precultured with doxycycline to decrease CD97. The decrease of the respective molecules by doxycycline reduced the effects gained by their overexpression. Furthermore, all effects induced by CD97 (EGF 1,2,5) were confirmed in Widr clones (not shown).
CD97 (EGF 1,2,5) Promotes Single Cell Motility
In vitro single cells of all clones investigated showed a Brownian-like random migration. We found an increase of the cell migration coefficient (D) by a factor of ϳ3 to 4 in CD97 (EGF 1,2,5) HT1080 cells compared with empty control or CD97 (EGF 1,2,5) mock cells ( Figure 3A) . In contrast, CD97 (EGF 1-5) cells showed a nearly unaffected and CD97 (EGF 1,2,5/TM1) cells even a reduced motility.
CD97 (EGF 1,2,5) Stimulates Proteolytic Activity
Considering that MMPs are hardly regulated at posttranscriptional level by cytokines, tissue inhibitors of MMPs (TIMPs) and cleaving to generate the active forms, we estimated proteolytic activity by zymography. In unstimulated cultures, the highest activity was found in CD97 (EGF 1,2,5) cells ( Figure 3B ). After stimulation with TNF-␣, CD97 (EGF 1,2,5) cells especially secreted elevated levels of pro-MMP9 (92 kd) and its active 82-kd form. In addition, the active glycosylated 62-kd and unglycosylated 59-kd forms of pro-MMP2 (72 kd) could be found. No bands were visible after adding ethylenediaminetetraacetic acid to the gels (not shown).
CD97 (EGF 1,2,5) Increases Chemokine Secretion
IL-8 expression by colorectal carcinoma cells was shown to increase during tumor progression 5 and to improve cell growth. 21 We measured IL-8 secretion in vitro. CD97 (EGF 1,2,5) cells showed the highest basal secretion and time-dependent increase of IL-8 ( Figure 3C ). Because CD97 (EGF 1,2,5) and CD97 (EGF 1-5) cells differ in their extracellular domain only, IL-8 secretion may be triggered by this part of the molecule. This assumption is supported by cells expressing truncated CD97 (EGF 1,2,5/TM1), which also showed high IL-8 levels. TNF-␣ stimulated IL-8 secretion in all HT1080 clones. The highest effect was again found in CD97 (EGF 1,2,5) cells (not shown).
Modeling the Growth of Tumor Cell Colonies
We investigated the impact of the multiple cellular alterations induced by CD97 (EGF 1,2,5) on tumor invasion by applying a computational approach based on the IBM of growth regulation of epithelial cell populations recently introduced by us. 9 In this model the cells are represented by elastic objects. They are able to move, to grow, and to 
Parameterization
The computer model cells are characterized by a set of experimentally accessible biomechanical and cell-biological parameters. We derived the majority of these parameters from literature. 9 The remaining ones were determined in growth experiments of tumor cell clones, forcing the model to reproduce the colony growth dynamics of Widr control cells. Two phases can be distinguished during colony growth in vitro 9 : an initial phase in which the number of cells grows exponentially, allowing derivation of the cell doubling times, and a subsequent phase in which the colony diameter grows linearly, ie, with a constant spreading velocity. In the computer model we used the cell doubling times as intrinsic cell growth time . Experimentally, we found two morphologically identical subpopulations (SP), SP fast and SP slow , of Widr control cells. Their doubling times were the same (21 Ϯ 3 hours, mean Ϯ SD, n ϭ 7), but SP fast spread faster than SP slow . We assumed that the subpopulations are characterized by different capabilities to escape contact inhibition of growth. 22 In Figure 4A ). We assumed a smaller value of V inh for the subpopulation SP fast compared with SP slow (see supplemental material, Table S1 , at http://ajp. amjpathol.org), ie, we assumed that SP fast is less sensitive to contact inhibition of growth. This results in a quantitative description of the colony growth even regarding the distribution of proliferation events ( Figure 4 , B and C).
Regulation I: Contact Inhibition of Migration
We have shown that CD97 (EGF 1,2,5) transfectants are characterized by an increased single cell random migration coefficient D. However, in a growing population spatially restricted activation of cytoskeleton reorganization could cause a directed migration. 23 Thus, we considered two cases in our model: a fully random migration of the cells and a locally directed migration at the colony boundary, where each migration step is assumed to point out of the colony. In computer simulations, we found that an increased random migration had negligible effects on the spreading of a colony, whereas a stimulated directed migration significantly promoted that process (not shown).
Analyzing the colony growth behavior of the CD97 (EGF 1,2,5) clones in vitro without stroma, we found no promoting effect on spreading. The spreading of the CD97 (EGF 1,2,5) clones could be described by that of clones of control cells, considering the slightly different doubling time of the transfected cells (25 Ϯ 3 hours, mean Ϯ SD, n ϭ 7) only (Figure 4, D and E) . The result implies that the cells either perform an enhanced random migration or are subjected to contact inhibition of migration. This is supported by the formation of smooth colony boundaries as found for controls (compare Figure 4B ).
Regulation II: Contact Inhibition of Growth
A model of tumor invasion requires a representation of the tumor stroma. For that purpose, we introduced socalled stroma cells, which represent both cell and matrix components of the stroma. We expand a population of these cells until it fills a closed box inducing a persistent within-tissue pressure. This pressure keeps the stroma cells quiescent because of contact inhibition of growth. An initial tumor is generated selecting a few cells at the center of the box and changing their parameters. We used the parameter sets of Widr empty control cells as reference sets. For the tumor cells we used the set of subpopulation SP fast and for the stroma cell that of SP slow , assuming for tumor cells a decreased sensitivity to contact inhibition of growth. 24 This growth advantage enables them to expand under the initial conditions. All other parameters are identical, facilitating further comparative analysis.
Tumor spheroids in a stable polymer matrix stop growing at a certain diameter that corresponds to a threshold pressure acting on the population and inducing a defined compression. 25 In in vitro experiments, we found that tumor spheroids of both CD97-transfected and control Widr cells stopped growth at a diameter of ϳ200 Ϯ 20 m (mean Ϯ SD, n ϭ 30, not shown). This indicates that in these cells contact inhibition of growth is identically regulated.
Modeling Collective Tumor Cell Invasion
Subsequent to tumor growth we investigated the impact of tumor cell motility, proteolytic activity, growth, and survival on collective tumor invasion. For specific tumorstroma interaction parameters (see below), we assumed reasonable values ensuring that the invasion velocity is significantly smaller than the growth velocity of an unconfined tumor cell colony.
Loss of Contact Inhibition and Proteolytic Activity of Tumor Cells Are Prerequisites of Invasion
In our computer model reference tumors stop growth if their expansion results in a pressure in the system high enough to induce contact inhibition of growth in the tumor cells ( Figure 5, A-C) . To escape that kind of growth inhibition, tumor cells have to degrade their surrounding stroma. Thus, we assumed that stroma cells can be degraded by In simulations we found that considering proteolysis the initial growth phase is followed by an invasion phase ( Figure 5, A and D) . During proteolytic invasion we found an approximately linear increase of the tumor radius R with time that is proportional to the degradation rate w prot . The process requires the assumed partial loss of contact inhibition in tumor cells. Without that growth advantage, proteolytic tumor invasion is inhibited by stroma selfregeneration (not shown).
Tumor Cell Growth Rates and Survival Have Minor Relevance for Invasion
As a complementary process to stroma degradation, the tumor environment may affect tumor cell growth and survival. Thus, we studied effects of changed tumor cell growth time and assumed that stroma cell contacts may induce tumor cell apoptosis with a rate w apop per cell-cell contact. An increase of the growth time of all tumor cells decreases the tumor invasion speed. However, because the invasion on large time scales is determined by the local stroma degradation, changes of have only moderate effects on the invasion dynamics ( Figure 5A ). The slower the tumor cells cycle, the more of them escape contact inhibition and start growing and expanding into the available space. In an analogous way, apoptosis of tumor cells at the invasion front with rate w apop is compensated by stimulated tumor cell proliferation and consequently has only moderate effects on the invasion dynamics ( Figure 5A ).
Increased Tumor Cell Motility Can Promote Collective Invasion
Although CD97 (EGF 1,2,5) overexpression in Widr does not induce a directed migration at the population boundary in vitro, we studied the impact of both elevated random and directed cell migration on tumor invasion assuming that the cell polarization required for directed migration is caused by specific tumor-stroma interactions. In computer simulations, we found that elevated random migration has negligible effects on invasion (Figure 5A) . Assuming an orientation of the migration at the tumor invasion front causes a front morphology characterized by scattered cells and protruding cell clusters ( Figure 5E ). Thus, in case of proteolytically active tumor cells, directed migration increases the degradation capacity of the tumor by increasing the tumor-stroma interface and consequently strongly promotes invasion (Figure 5, A and E) .
On the Origin of CD97 Expression in Vivo
The studies presented above demonstrate that all CD97 (EGF 1,2,5)-induced effects can promote invasion. It remains an open question, whether the observed CD97 staining in colorectal carcinomas results from single cell mutations or an environmental regulation process.
Clones of Highly Motile Cells Expand Rapidly
To mimic a mutation of selected tumor cells independent of their environment, we assumed that these cells are characterized by a modified parameter set. Focusing on cell migration we assumed for mutated cells a four times increased migration coefficient and directed migration induced by tumor-stroma interactions. Remarkably, the clone of a single mutated cell at the tumor front can spread within a short time throughout the front ( Figure  6A ). Computer simulations showed that although mutated cells that bud into the stroma rarely proliferate, these cells immediately start efficiently cycling if they become encapsulated by other tumor cells. We found that the clones of mutated cells spread faster than those of unaltered cells. Thus, they determine the entire tumor with time. Such a conversion was not found for tumor cells strongly stained for CD97. Consequently, we introduced an alternative approach.
Environmentally Regulated Tumor Cell Motility
We assumed that all tumor cells are regulated by their local environment. We modeled such regulation assuming the parameter set of each tumor cell to reversibly depend on the number of its tumor cell neighbors. We introduce a threshold number of tumor cell neighbors below which the parameter set of the tumor cell changes; ie, we assume a density-dependent regulation. We again focused on altered migration. In a series of simulations, we observed that altered migration (four times increased migration coefficient, directed migration) as mutated migration significantly strengthens invasion. Interestingly, we again found that altered cells at the tumor front rarely proliferate. The assumed environmental regulation generates an invasion front where only front cells exhibit altered cell properties ( Figure 6, B-D) . For a threshold number of approximately four to six in a layer, this distribution approaches that observed in colorectal carcinomas for cells strongly stained for CD97 ( Figure 6E ). This suggests a related mechanism in vivo.
CD97 (EGF 1,2,5) in Tumor Cell Lines Is Density Regulated
To confirm our hypothesis, we examined CD97 expression in wild-type colorectal carcinoma cell lines during their growth to confluence by flow cytometry. We found that in all cell types CD97 expression was significantly reduced in cells forming a confluent layer compared with nonconfluent, single cell cultures ( Figure 6F ). This result was independent of the absolute expression levels of CD97. This indicates that CD97 is regulated in a densitydependent manner, at least in vitro. 
Discussion
We demonstrated a migration-and tumor growth-promoting effect of CD97. However, this effect was seen only for CD97 (EGF 1,2,5), not for CD97 (EGF 1-5) or the Cterminally truncated CD97 (EGF 1,2,5). The specificity of the regulation suggests that the extracellular as well as the transmembrane domains and/or C-terminal region of the protein are involved. Regarding the scid mice experiments, our results exclude vascularization as a promoting factor of tumor growth, which we found most pronounced for CD97 (EGF 1-5), in agreement with Wang and co-workers. 26 The observed stimulation of random cell motility by CD97 (EGF 1,2,5) may explain why the molecule promotes cell migration and invasion in Boyden chamber assays as found by us. 17 We expect comparable results for any common chemoattractant of the considered colorectal tumor cells.
In several studies tumor budding, ie, the occurrence of scattered tumor cells at the tumor invasion front or host interface, was discussed as prognostic marker for reduced overall survival. 27, 28 Here, we demonstrate that budding in carcinoma is a consequence of locally directed migration of highly motile tumor cells. Notably, the weak proliferation found in scattered tumor cells in colorectal carcinoma 7, 29 and skin cancer 30 is reproduced by our model without additional assumptions. In the model, it arises as a consequence of the high motility of these cells modifying the cell-environment interaction and thus affecting cell compression. Our simulations demonstrate that the budding process does not require stable, longrange chemogradients. However, CD97-related budding requires stroma signaling to induce a directed migration at the tumor front. In colorectal carcinoma, the CD97 ligand CD55 31, 32 or non-CD97-specific ligands as accumulating collagen I 6 may act as trigger. Note that this not implies a strong adhesive tumor-stroma interaction as often assumed to be required for invasion. 13 In the case that long-range chemogradients arise in the stroma, the highly motile scattered cells may very efficiently follow them and spread to distant places. 33 Thus, these cells in principle indicate a high risk of metastasis and postoperative recurrence. According to the density-dependent regulation, one would expect that metastases of colorectal carcinomas show the same staining of CD97 as the primary tumor as found for other molecules. 6, 7 The proteolytic activity of tumor cells was frequently used as a marker to predict tumor recurrence in several types of tumors. 34, 35 Here, we demonstrated that in spatially homogeneous carcinoma increased proteolytic activity promotes tumor expansion. However, we expect that an imbalance in the quantitative expression of the proteases rather than an overall change of their expression may affect prognosis. In this case, tumor invasion could be hampered by nondegradable stroma components that accumulate at the tumor front. As a consequence the tumor cells would be forced to adapt their invasion mechanisms. 36 Previous studies in several carcinomas have reported that an increased rate of proliferation is correlated with a less favorable prognosis. 37, 38 However, low proliferation was also demonstrated to indicate reduced response to treatment, suggesting that tumors with elevated proliferation would have better response. 39 Moreover, according to recent studies, 40, 41 in colorectal carcinoma a high Ki-67 value even constitutes a prognostic marker for low recurrence. We here provide an explanation for this apparent contradiction demonstrating that during proteolytic invasion the fraction of cycling cells depends on the balance between tumor cell proliferation, apoptosis, and stroma degradation. Thus, for fixed degradation rates a large fraction refers either to slow cycling times of the tumor cells or to their apoptosis. Consequently, in this specific case a high fraction of proliferating tumor cells signals a low capability to spread to distant places or a good response to treatment in agreement with results in colorectal carcinoma. 40, 41 The finding of poor prognosis 37, 38 may be related to an increased proteolytic activity of the tumor.
Applying our IBM, we derived a number of predictions about the impact of individual cell properties on tumor invasion dynamics. Assuming reasonable values for the tumor-stroma interaction parameters, these predictions regard the qualitative behavior. Quantitative models require a detailed specification of the heterogeneous stroma. This will be part of future model extensions. In summary, our experimental and theoretical results give a straight forward explanation why cells strongly stained for CD97 scatter at the invasion front of colorectal carcinoma and why the occurrence of these cells is related to poor prognosis. The higher expression of CD97 at the invasion front found in nearly half of colorectal carcinomas is suggested to be a result of an environmentally regulated, reversible expression of that molecule. More generally, our simulation results suggest that proteolytic activity at the tumor front in conjunction with elevated and directed cell motility are key steps to aggressive tumor invasion. High tumor cell proliferation rates in this context are not the cause but a consequence of invasion. Our findings may have major implications for the understanding of tumor invasion and prognostic factor analysis.
